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Abstract. Cell attachment and neurite outgrowth by 
embryonic neural retinal cells were measured in sepa- 
rate quantitative assays to define differences in sub- 
strate preference and to demonstrate developmentally 
regulated changes in cellular response to different ex- 
tracellular matrix glycoproteins. Cells attached to 
laminin, fibronectin, and collagen IV in a concentra- 
tion-dependent fashion, though fibronectin was less 
effective for attachment than the other two substrates. 
Neurite outgrowth was much more extensive on lami- 
nin than on fibronectin or collagen IV. These results 
suggest that different substrates have distinct effects on 
neuronal differentiation. 
Neural retinal cell attachment and neurite outgrowth 
were inhibited on all three substrates by two antibod- 
ies, cell substratum attachment antibody (CSAT) and 
JG22, which recognize a cell surface glycoprotein 
complex required for cell interactions with several 
extracellular matrix constituents. In addition, retinal 
cells grew neurites on substrates coated with the CSAT 
antibodies. These results suggest that cell surface 
molecules recognized by this antibody are directly in- 
volved in cell attachment and neurite extension. 
Neural retinal cells from embryos of different ages 
varied in their capacity to interact with extracellular 
matrix substrates. Cells of all ages, embryonic day 6 
(E6) to El2, attached to collagen IV and CSAT anti- 
body substrates. In contrast, cell attachment to laminin 
and fibronectin diminished with increasing embryonic 
age. Age-dependent differences were found in the 
profile of proteins precipitated by the CSAT antibody, 
raising the possibility that modifications of these pro- 
teins are responsible for the dramatic hanges in sub- 
strate preference of retinal cells between E6 and El2. 
N 
'EURONAL interaction with defined tissue culture sub- 
strates has been a useful experimental paradigm 
leading to the elucidation of some of the molecular 
requirements for cell attachment and neurite outgrowth, as 
well as cellular events leading to neurite xtension. Defined 
factors from both conditioned medium (Collins, 1978; Adler 
et al., 1981; Coughlin et al., 1981; Lander et al., 1982) and 
extracellular matrices (Lander et al., 1982) stimulate neurite 
extension by cultured neurons. The extracellular matrix pro- 
tein, laminin, is active alone and appears to account for the 
neurite outgrowth promoting activity of conditioned medium 
(Lander et al., 1985; Davis et al., 1985). Substrate-attached 
laminin stimulates neurite outgrowth by diverse neuronal 
cell types from both the peripheral and central nervous ys- 
tems (Baron von Evercooren et al., 1982; Manthorpe t al., 
1983; Smalheiser et al., 1984; Rogers et al., 1983; Lander 
et al., 1983; Unsicker et al., 1985; Faivre-Bauman etal., 
1984; Adler et al., 1985). Fibronectin isalso an effective sub- 
strate for neurite outgrowth by peripheral neurons (Baron 
von Evercooren et al., 1982; Carbonetto et al., 1983; Rogers 
et al., 1983), but less so for central neurons (Carbonetto et 
al., 1983; Rogers et al., 1983). Collagens I and IV support 
neurite xtension under some conditions (Carbonetto et al., 
1983; Vlodavsky et al., 1982). 
Embryonic neural retina, the subject of the present study, 
is a useful system for studying neuronal interactions with ex- 
tracellular matrices. Previous work implicates the extracel- 
lular matrix in regulating the development of retinal ganglion 
cells. In the goldfish and chick retinae, axons are initiated in 
proximity to a basement membrane, the inner limiting mem- 
brane (Easter et al., 1984; McLoon et al., 1984). Within the 
eye, axons grow on three substrates: existing axons, Muller 
glial endfeet, and the inner limiting membrane. Enzymatic 
removal of the inner limiting membrane during the period of 
axon outgrowth results in disorganized growth of axons but 
oes not affect preexisting axons (Halfter and Deiss, 1984). 
Therefore, axonal growth within the eye seems to depend 
upon cell interactions with molecules present in the base- 
ment membrane. Laminin is present in the inner limiting 
membrane ofdeveloping chick (McLoon, 1984; Adler et al., 
1985) and rat retina, as well as transiently in rat optic stalk 
(personal communication, Dr. S. McLoon, University of 
Minnesota, Minneapolis, MN). As laminin stimulates neu- 
rite outgrowth by neural retinal cells in vitro (Rogers et al., 
1983; Adler et al., 1985) and is appropriately ocalized in 
vivo, it is likely to influence axon initiation and growth in the 
developing retina. 
Recently, progress has been made in identifying neuronal 
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surface molecules that may mediate retinal cell interactions 
with basement membranes. The monoclonal ntibody, I"61, 
disorganizes and inhibits axonal growth in retinal explants 
(Halfter and Deiss, 1986). Two other monoclonal ntibodies, 
cell substratum attachment antibody (CSAT) ~ and JG22, 
which compete with each other, perturb cell-matrix interac- 
tions in a variety of cell types (Neff et al., 1982; Horwitz et 
al., 1985; Decker et al., 1984; Bozyczko and Horwitz, 1986; 
Chen et al., 1985b; Greve and Gottlieb, 1982). The glyco- 
proteins recognized by these antibodies include a fibronectin 
receptor (Akiyama et al., 1986; Horwitz et al., 1985) and 
have some properties of a laminin receptor (Horwitz et al., 
1985). The cDNA-derived protein sequences ofthe subunits 
of the fibronectin receptor indicate that they contain hydro- 
phobic transmembrane segments (Tamkum et al., 1986; Ar- 
graves et al., 1986). The CSAT proteins colocalize and inter- 
act with microfilament-associated proteins (Damsky et al., 
1985; Chen et al., 1985a; Horwitz et al., 1986). Therefore, 
these proteins have properties appropriate for mediating in- 
teractions between the matrix and cytoskeleton. In our ex- 
periments, the CSAT and JG22 antibodies were used to de- 
termine whether neural retinal cells also possess molecules 
that mediate neural responses topurified extraceUular matrix 
molecules. 
Materials and Methods 
Materials 
Linbro 96-well flat bottom tissue culture plates were purchased from Flow 
Laboratories, McLean, VA. ENaHANCE was purchased from New En- 
gland Nuclear, Boston, MA. NamI and L-[3SS]methionine were obtained 
from Amersham, Arlington Heights, IL. Iodogen was from Pierce Chemi- 
cal Co., Rockford, IL. Protein A Sepharose CL-4B and Sepharose 4B were 
obtained from Pharmacia Fine Chemicals, Piscataway, NL Fertile White 
Leghorn chicks were from Feather Hill Farm, Petaluma, CA, and mice were 
from Simonson Laboratories, Gilroy, CA. Mouse Immunoglobulin (IgG) 
was purchased from Cappell Laboratories, Malvern, PA. Affinity purified 
polyclonal antibodies to murine collagen IV were obtained from Dr. H. 
Furthmayr, Yale University, New Haven, CT. 3-(4, 5-dimethylthiazol-2-yl)- 
2,5-diphenyl tetrazolium bromide (MTT, No. M2138) and other chemicals 
were purchased from Sigma Chemical Company, St. Louis, MO. 
Protein Purification and Antibody Preparation 
Murine collagen IV and laminin were purified from the Engelbreth-Hoim- 
Swarm sarcoma by published procedures (Timpl et al., 1982). Human cell 
fibronectin, a gift from Dr. S. Fisher, University of California, San Fran- 
cisco, was prepared as described (Chou-Rong Zhu et al., 1984). Proteins 
were radiolabeled by the Iodogen method (Fraker and Speck, 1978). Hybrid- 
oma cells secreting CSAT and JG22 antibodies were gifts from Dr. A. E 
Horwitz, University of Pennsylvania, Philadelphia, PA, and Dr. D. Gott- 
lieb, Washington University, St. Louis, MO, respectively, and were grown 
as described (Neffet al., 1982). To prepare large amounts of antibodies, hy- 
bridoma ceils were injected into pristane-primed 8-wk-old female Balb/c 
mice. After ascites fluid was collected, the CSAT antibodies were purified 
by protein A-Sepharose CL-4B chromatography (Neff et al., 1982). Rabbit 
anti-neural cell adhesion molecule (anti-N-CAM) antibodies and IgG were 
prepared by Dr. J. Bixby (Bixby and Reichardt, 1987). 
Neurite Outgrowth and Attachment Assays 
Both the neurite outgrowth and attachment assays had four major steps; sub- 
strate preparation, eural retinal cell preparation, plating and incubation of 
1. Abbreviations used in this paper: CMF-PBS, calcium- and magnesium- 
free phosphate-buffered saline; CSAT, cell substrate attachment; MTT, 
3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. 
neural retinal cells, and analysis for either attachment orneurite outgrowth. 
Lower cell densities and longer incubation times were used on the plates 
to be analyzed for neurite outgrowth. Otherwise, the two assays used identi- 
cal protocols. 
To prepare substrates, terile 96-well plates were coated with 100 I.tl per 
well of laminin, collagen IV, or antibody diluted in calcium- and magne- 
sium-free phosphate-buffered saline (CMF-PBS; 200 mg/liter KC1, 200 
mg/liter K2SO4, 8.0 g/liter NaC1, and 2.16 g/liter Na2HPO4.7H20, pH 
7.36-7.45) to the concentration indicated in the results. Fibronectin was ap- 
plied in 100 Ixi per well of sterile 0.1 M cyclohexylaminopropane sulfonic 
acid buffer, pH 9.0. Plates were incubated with proteins overnight at room 
temperature. After rinsing three to five times with sterile CMF-PBS, the 
wells were blocked by incubation with 1% BSA for at least 2 h at room tem- 
perature. Plates were again rinsed three to five times with sterile CMF-PBS 
and 100 I11 of culture medium was added to each well. At this time antibod- 
ies were added to the wells and plates were stored in the incubator, at 37°C 
and 5% CO2, until the cells were ready, '~1 h. 
Retinae were dissected from embryonic hickens in CMF-PBS contain- 
ing 6% glucose and 100 U/ml penicillin and streptomycin. The retinal cells 
were dissociated by trypsinization i  0.03 % trypsin for 10 min in CMF-PBS 
followed by trituration. Dissociated cells were collected by centrifugation 
and resuspended for preplating in F12 nutrient mixture with insulin (5 Ixm/ 
ml), selenium (30 nM), iron-saturated ovotransferrin (25 Ixg/mi), and 
100 U/ml penicillin and streptomycin (Bottenstein etal., 1980). Cells were 
preplated on tissue culture plates for 45 min at 37°C in a 5% CO2 atmos- 
phere to remove nonneuronal ceils. At the end of the preplating step, the 
supernatants containing neuronal cells were harvested and the cell number 
was adjusted for cell attachment and neurite outgrowth experiments. For at- 
tachment assays, the neural retinal cells were suspended at '~5-10 × l0 S 
cells/ml. For the neurite outgrowth assay, cells were used at 104 cells/mi. 
Lower initial plating densities were used for the neurite outgrowth assay, 
since it was difficult o assess neurite number in wells with more than about 
a thousand cells. For both assays, 100 Ixl of cells per well were added to 
the previously prepared plates and these were centrifuged in a TJ-6 cen- 
trifuge (Beckman Instruments, Inc., Palo Alto, CA) at 48 g for 5 min. This 
centrifugation step greatly increased the reproducibility of the attachment 
assay since it removed the variability inherent in settling of cells onto the 
culture plate surface. 
Attachment assay plates were analyzed after incubation at 37°C in a 5% 
CO2 atmosphere for 1.5 h. Unattached cells were removed by the brisk ad- 
dition of warm F12 nutrient mixture to each well, followed by gentle vacuum 
suction with a narrow bore pipet. The cells were fixed overnight at 4°C 
in 2% glutaraldehyde in FI2 nutrient mixture and stained for 2 2, h the fol- 
lowing morning by the addition of trypan blue to a final concentration f
0.08% (Koda et al., 1986). After thorough rinsing, the A69o of individual 
wells was measured on a microtiter plate reader (Flow Laboratories). In 
early experiments we determined that cell number was proportional to 
,%9o. All plates used for cell attachment assay included wells coated with 
1 mg/rnt poly-tr-lysine as a positive control and wells coated with 1% BSA 
for negative controls. Early experiments showed that 100% of the plated 
cells attached to poly-~lysine and <5% attached to BSA. The percentage 
of cells attached to experimental wells was calculated from the following 
formula: 
A6~ (experimental well) - A69o (BSA-coated well) 
× 100 
A6~ (poly-o-lysine-coated w ll) - A690 (BSA-coated well) 
Plates containing cells to be analyzed for neurite outgrowth were grown 
for 16-24 h at 37°C in a 5% CO2 atmosphere. Cells were fixed with 2% 
glutaraldehyde as described above and examined in the microscope. Neurite 
outgrowth was quantified by determining the percentage of cells bearing 
neurites greater than two cell diameters in length (Lander et al., 1982). The 
viability of cells cultured for longer periods was measured by the cell sur- 
vival assay of Manthorpe t al. (1986). Briefly, 10 ltl of MTT solution was 
added to each culture 1 h before fixation. Viable cells take up and convert 
MTT to a visible blue formazan product. 
Immunoprecipitation with CSAT Antibody 
Chick embryo fibroblasts prepared as previously described by Rein and 
Rndin (1968) and retinal cells prepared as in the previous ection were meta- 
bolically labeled by incubation overnight at 37°C in a 5% CO2 atmosphere 
with 60 ~tCi/ml [35S]methionine in methionine-deficient F12 medium. Af- 
ter labeling, the fibroblasts and neural retinal cells were incubated for 10 
min at 37°C in CMF-PBS with 5 mM EDTA and then removed from the 
dish by gentle pipetting. Cells were resuspended in 0.5 ml Hepes-buffered 
F12 nutrient mixture, and 40 p.g of antibody (CSAT or mouse immunoglobu- 
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lin, MIg) was added. After 1 h of incubation at room temperature, cells were 
extracted in extraction buffer (50 mM Tris, 150 mM NaCI, 1 mM CaCI2, 
0.5 % Triton X-100, 2 mM phenylmethylsulfonyl fluoride, pH 7.4) for 30 min 
at 4°C with occasional vortexing. The extracts were spun at 10,000 g for 
1 min to pellet insoluble material. Supernatants were cleared twice by incu- 
bation with Sepharose 4B for 1 h at 4°C followed by centrifugation for 1 min 
(134 g in a Beckman TJ6). Immune complexes were adsorbed by mixing 
with protein A-Sepharose CL-4B (75 BI of packed beads per tube). After 
1 h, Sepharose beads were sedimented at 134 g (Beckman TJ6 for 10 s) and 
washed four times with 10 ml extraction buffer. Pellets were resuspended 
in 100 BI electrophoresis ample buffer and boiled for SDS PAGE analysis 
(Laemmli, 1970). 7.5% gels were run under educing (with beta-mercapto- 
ethanol) or nonreducing conditions, treated with EN3HANCE, dried, and 
exposed to Kodak X Omat R film. 
Results 
E6 Neural Retinal Cells Attach to ExtraceUular 
Matrix Glycoprotein Substrates 
Neural retinal cell attachment todifferent constituents of the 
extracellular matrix was measured using a quantitative at- 
tachment assay (see Materials and Methods). Results in Fig. 
1 show that E6 chick neural retinal cells attached to laminin, 
fibronectin, and collagen IV in a concentration-dependent 
fashion. At optimal concentrations of collagen IV and lami- 
nin, attachment was as efficient as to poly-D-lysine. At the 
highest concentrations of fibronectin tested, attachment was 
,o70 % as efficient as to poly-D-lysine. Plates coated with 1-2 
~tg/ml of collagen IV and 5-10 Bg/ml of laminin yielded max- 
imal attachment. Half-maximal attachment was seen with 
,o0.5 Bg/ml collagen IV and ,o2.5 p.g/ml laminin. Fibro- 
nectin-coated substrates did not support attachment of 100 % 
of the cells plated, even at coating concentrations a high as 
300 Bg/ml; half maximal attachment required ,o40 Bg/ml of 
fibronectin. 
1OO 
tft o o 
i ........ 
2O 
fo 1()o 
Prote~n Coating Concentration (ug/ml) 
Figure 1. Embryonic neural retinal cells attach to tissue culture sub- 
strates coated with purified extracellular matrix molecules. A 1.5-h 
attachment assay was used to measure the attachment of E6 chick 
neural retinal cells to tissue culture substrates coated with purified 
laminin, fibronectin, or collagen IV as described in Materials and 
Methods. Wells coated with 1 mg/ml poly-o-lysine served as a posi- 
tive control; attachment topoly-D-lysine was taken as 100% and was 
used in the calculation of percent cells attached for the other sub- 
strates. Each point is the average of at least three separate determi- 
nations. The figure shows percent of cells attached vs. coating pro- 
tein concentration for collagen IV (solid squares), laminin (solid 
circles), and fibronectin (solid triangles). The error bars show stan- 
dard error of the mean. 
300 
1200 
i 
Z 
oo  
i io 16o 
Micrograms Applied 
Figure 2. Quantitation of protein binding to tissue culture plastic 
wells. Laminin, fibronectin, collagen IV, and CSAT antibody, iodi- 
nated to high specific activity (see Materials and Methods), were 
applied to tissue culture plastic wells as for attachment and neurite 
outgrowth assays. Wells were rinsed with CMF-PBS, then extracted 
with NaOH until all radiolabel was removed. Amount of protein 
bound was calculated from the known specific activity of the la- 
beled proteins. Amount of protein bound (nanograms) vs. amount 
of protein applied (micrograms) is shown for laminin (open 
squares), fibronectin (solid squares), collagen IV (open circles), 
and CSAT antibody (solid circles). 
To determine whether observed ifferences in cell attach- 
ment were attributable to variations in protein coating effi- 
ciency, known amounts of protein were labeled with L~5I and 
used to measure the efficiency of protein attachment to the 
plastic substrate (Fig. 2). Collagen IV was adsorbed about 
twofold more efficiently than fibronectin, which in turn was 
somewhat more efficiently adsorbed than laminin. Data from 
Figs. 1 and 2 show that maximal cell attachment was seen 
with ,o7 ng of laminin and ,o12 ng of collagen IV adsorbed to 
an area of ,o0.28 cm 2 (bottom of well). 
The specificity of neural retinal cell interactions with lami- 
nin and collagen IV-coated substrates was demonstrated 
using affinity purified anti-collagen IV antibody and an- 
ti-laminin antiserum (Fig. 3). Cells were plated on collagen 
IV or laminin in the presence or absence of antibodies to 
laminin, collagen IV, or nonimmune serum. Results in Fig. 
3 show that affinity purified anti-collagen IV antibodies in- 
hibited cell attachment to collagen IV substrates but not to 
laminin substrates. Conversely, anti-laminin antibodies in- 
hibited neural retinal cell attachment tolaminin but not colla- 
gen IV substrates. These results provide strong evidence that 
attachment to laminin and collagen IV involve specific and 
distinct interactions. 
Embryonic Neural Retinal Cells 
Extend Neurites in Culture when Plated on Purified 
Extracellular Matrix Proteins 
When neural retinal cells were incubated for longer periods 
on extracellular matrix protein substrates, some cells ex- 
tended neurites (Fig. 4). On laminin, E6 embryonic neural 
retinal cells attached quickly and assumed a characteristic 
polygonal shape (Fig. 4 A). These cells developed neurites 
as early as a few hours after plating, and gave rise to exten- 
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Figure 3. Embryonic neural 
retinal cells attach to laminin 
and collagen IV in a specific 
fashion. Day 6 embryonic neu- 
ral retinal cells were assayed 
for attachment o protein- 
coated tissue culture wells as 
described in Materials and 
Methods. Cells were plated 
onto wells that had been coated 
with 2 ~tg/ml collagen IV (top) 
or 5 [tg/ml laminin (bottom) 
without antibodies (A), with 
preimmune serum (B), with 
affinity purified anti-collagen 
IV antibodies (C), or with 
anti-laminin antiserum (D). 
Wells coated with poly-D-ly- 
sine were used as a positive 
control in the calculation of 
percent of total cells attached. 
Error bars show standard er- 
ror of the mean. 
tional fibronectin receptor (Horwitz et al., 1985; Greve and 
Gottlieb, 1982; Akiyama et al., 1986) and has ome of the 
properties expected of a laminin receptor (Horwitz et al., 
1985). We used these antibodies to determine whether glyco- 
sive and highly branched networks of neurites by 16 h (Fig. 
4 A). In comparison, the neurites observed on collagen IV 
or fibronectin were shorter, straighter, and had fewer branches 
(Fig. 4, B and C). Neurite bundles on collagen IV or fi- 
bronectin substrates also appeared much thicker and more 
highly fasciculated than those on laminin. 
Neurite outgrowth by neural retinal cells on each of the 
three substrates was quantified (Fig. 5). At optimal concen- 
trations of laminin as many as 70% of the neural retinal cells 
developed neurites longer than two cell diameters by 16-24 h. 
In contrast, on poly-D-lysine substrates, only 1-5% of the 
neurons developed neurites. Neurite outgrowth on laminin 
was concentration-dependent (Fig. 5). Maximal neurite out- 
growth required coating plates with 5-10 lag/ml laminin; 
half-maximal neurite outgrowth required about 2-3 Ixg/ml 
laminin. As indicated above, similar concentrations of lami- 
nin were required for maximal and half-maximal attachment 
of neural retinal cells. Only a low level of neurite outgrowth 
was seen on fibronectin or collagen IV substrates (Fig. 5). 
Additionally, neurite outgrowth on collagen IV did not ap- 
pear to be dependent on the amount of adsorbed ligand. 
On collagen IV, 20-30% of the cells developed neurites at 
concentrations within the range that was effective for cell at- 
tachment (compare to Fig. 1). When the effects of different 
concentrations of fibronectin were measured, the lowest con- 
centration of fibronectin used in the attachment assay (Fig. 
1) induced neurite outgrowth by ,,o15 % of the cells. Increas- 
ing concentrations of fibronectin induced a higher percent- 
age of neurons to extend neurites. At 300 o.g/ml of fibronec- 
tin, a concentration that permitted attachment of 70 % of the 
cells in the attachment assay, ,040% of the cells extended 
neurites. While neither collagen IV nor fibronectin pro- 
moted profuse neurite outgrowth, both were more effective 
than poly-D-lysine. 
Effects of the CSAT and JG22 Antibodies 
on Retinal Cell Attachment and Neurite Outgrowth 
CSAT and JG22 antibodies have been shown to bind an ap- 
parent complex of three glycoproteins that includes a func- 
Figure 4. Phase photomicrographs of E6 neural retinal cells plated 
on extraceUular matrix protein substrates. E6 n ural retinal cells 
were plated onto tissue culture plastic wells that had been coated 
with 5 p.g/ml laminin (A), 300 Ixg/ml fibronectin (B), or 2 I.tg/ml 
collagen IV (C). The cells were maintained in culture for 24 h as 
for neurite outgrowth assay (see Materials and Methods). Cells 
were fixed with 2 % fresh glutaraldehyde in cold PBS and then pho- 
tographed. Compare the abundant and long neurites from cells 
plated on laminin (A) with the sparser and shorter neurites seen o
either fibronectin (B) or collagen IV (C) substrates. Bar, 20~tm. 
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Figure 5. Quantitation of neurite outgrowth by embryonic neural 
retinal cells cultured on laminin (solid circles), fibronectin (solid 
triangles), or collagen IV (solid squares) substrates. E6 retinal cells 
were plated on tissue culture wells coated with either laminin, 
fibronectin, or collagen IV and maintained inculture in serum-free 
medium for 16-24 h. Cells were fixed with 2% glutaraldehyde in 
PBS and percent of cells bearing neurites was determined as de- 
scribed in Materials and Methods. Each point is the average of at 
least three separate determinations. Percent of cells bearing neu- 
rites vs. protein coating concentration is shown. The error bars 
show standard error of the mean. 
proteins recognized by the CSAT antibody were important in 
mediating the response of neural retinal cells to extracellular 
matrix glycoproteins. Attachment of neural retinal cells to 
laminin, fibronectin, and collagen IV was inhibited in the 
presence of CSAT antibody (Fig. 6). However, the CSAT an- 
tibody had no effect on cell attachment to poly-o-lysine or 
concanavalin A (data not shown), a finding which suggests 
that the antibodies interfered specifically with attachment to
A [i lOO lOO 
LN ~ COL LN FN *O~ PDL 
Figure 6. CSAT antibody inhibition of embryonic neural retinal cell 
attachment and neurite outgrowth on laminin, fibronectin, and col- 
lagen IV. E6 neural retinal cells plated on wells coated with 5 Itg/ml 
laminin, 300 gg/ml fibronectin, or 2 gg/ml collagen IV were as- 
sayed separately for attachment and neurite outgrowth as described 
in Materials and Methods. Measurements were done without anti- 
body (open bars), with 10 ~g/ml mouse IgG (stippled bars) or with 
10 pg/ml CSAT (solid bars). Attachment to poly-D-lysine in the 
presence and absence of CSAT antibody is also shown. Error bars 
show the standard error of the mean. 
Figure 7. Phase photomicrographs of embryonic neural retinal cells 
plated on antibody-coated substrates; 75 Ixg/ml JG22 (A), 100 gg/ml 
anti-N-CAM (B), or 75 gg/ml anti-P34 (C). E6 neural retinal cells 
were plated onto wells coated with antibodies and maintained in
culture for 16-24 h then fixed with 2% glutaraldehyde and pho- 
tographed. Polygonal, well-attached, and spread cells with neurites 
are seen on JG22 antibody substrates (A). Cells on the anti-N-CAM 
antibody substrate appear well attached and spread but have few 
neurites (B). The arrow in B shows a broad lamellopodial region. 
Loosely attached cell aggregates are observed in cultures on anti- 
P34 antibody substrates (C). Bar, 26 pm. 
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Figure 8. Developmental change in neural retinal cell response to 
laminin (open circles), fibronectin (open triangles), collagen IV 
(solid triangles), and substrate-attached CSAT antibody (solid 
squares). Neural retinal ceils were obtained from embryos of differ- 
ent age as described in Materials and Methods. Cells were plated 
on tissue culture wells coated with 5 pg/ml laminin, 300 pg/ml 
fibronectin, 2 pg/ml collagen IV, and 50 pg/ml CSAT antibody. 
Cells were maintained in culture for 1.5 h to measure attachment 
(top) and identically prepared plates were cultured overnight o 
measure neurite outgrowth (bottom). Percent cells attached (top) 
and percent of cells with neurites (bottom) vs. embryonic day are 
shown. Each point is the average of at least three separate determi- 
nations. The error bars show standard error of the mean. 
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Figure 9. Embryonic neural retinal cells respond differently to 
substrate-attached larninin depending on embryonic age. Attach- 
ment and neurite outgrowth were measured separately for neural 
retinal cells obtained from day 7, 8, 9, 11, and 12 embryos. Cells 
were obtained from retinae of each age, preplated, then plated onto 
wells coated with larninin, ranging in concentration from 0.3 to 40 
pg/ml. (Top) Percent cells attached vs. laminin concentration is 
shown for cells from different embryonic days. (Bottom) Neurite 
outgrowth for the same period, measured on identical, but different 
plates. The error bars show standard error of the mean. Embryonic 
day is noted at the right of the figure next to each curve. 
the protein ligands. Cells were also unable to initiate neurites 
when cultured overnight in the presence of CSAT antibodies 
(Fig. 6). The dramatic inhibitory effects of the CSAT anti- 
body on retinal cell attachment and neurite outgrowth were 
also seen using the JG22 antibody (data not shown), which 
binds the same glycoprotein triplet (Greve and Gottlieb, 
1982; Chapman, 1984). 
If, as indicated above, the proteins bound by the CSAT and 
JG22 antibodies are present on the surfaces of neural retinal 
cells, these antibodies hould promote cell attachment when 
adsorbed onto tissue culture plates (MacLeish et al., 1983; 
Chen et al., 1985b). Results in Fig. 7 show that plates coated 
with CSAT (JG22) antibody or anti-N-CAM antibody pro- 
moted cell attachment while those coated with antibodies 
specific for the precursor to beta-NGF did not. Substrates of 
CSAT and JG22, but not anti-N-CAM IgG, supported neu- 
rite outgrowth (Fig. 7, data for CSAT not shown). Neurite 
outgrowth on CSAT antibody-coated suhstrates was concen- 
tration dependent (data not shown). Cells plated on CSAT or 
JG22 antibodies were similar in appearance to those plated 
on laminin. They attached readily, assumed a polygonal 
shape, and extended neurites within several hours after plat- 
ing. The neurites were frequently long and often individual, 
rather than fasciculated as on collagen IV or fibronectin. The 
results in this section provide two types of evidence that neu- 
ral retinal cells possess urface proteins bound by CSAT and 
JG22 antibodies. First, CSAT and JG22 antibodies disrupted 
both cell attachment and neurite outgrowth on extraceUular 
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matrix substrates. Second, the antibodies upported cell at- 
tachment and neurite outgrowth when adsorbed onto tissue 
culture substrates. 
Developmental Changes in the Responsiveness of 
Neural Retinal Cells to ExtraceUular Matrix Proteins 
Neural retinal cells undergo many developmental changes 
between E6 and El2 in vivo. It seemed possible that these 
would be accompanied by changes in their properties in 
vitro. To examine this, neural retinal cells were isolated from 
embryos of different ages and assayed for the capacity to re- 
spond to laminin, fibronectin, collagen IV, and CSAT anti- 
body substrates. Attachment and neurite outgrowth were 
measured in separate quantitative assays. The results, pre- 
sented in Fig. 8, show that adsorbed CSAT antibodies were 
effective at promoting the attachment of neural retinal cells, 
regardless of the age of the embryo (E6 through E12). Colla- 
gen IV was also an effective substrate for cell attachment 
throughout this period. In contrast, while 60% of the E6 
cells plated attached to fibronectin and 90% to laminin, the 
ability of cells to attach to these substrates d clined sharply 
with age and was absent by Ell (Fig. 8). Interaction with 
laminin was examined in greater detail by determining the 
concentration dependence ofattachment for cells of different 
ages (Fig. 9). Half-maximal ttachment of E7 cells required 
only 1-2 Ilg/ml of laminin, while twofold and threefold more 
laminin was needed to obtain equivalent attachment with E8 
and E9 cells, respectively. With cells from E12 embryos, 
even 40-fold higher concentrations of laminin failed to pro- 
mote equivalent attachment (Fig. 9). 
The morphology of cells grown overnight on extracellular 
matrix glycoproteins also varied with embryonic age. Within 
several hours after plating, E6 embryonic retinal cells as- 
sumed a characteristic polygonal shape, and extended neu- 
rites on laminin (Fig. 10). Although retinal cells of all ages 
have a tendency to aggregate, most E6 cells attached irectly 
to the substrate. In contrast, many of the cells from E8 em- 
bryos adhered to each other in aggregates that were loosely 
attached to the substrate. Some E8 cells appeared well at- 
tached and had  polygonal shape similar to the E6 cells. In 
general, polygonal cells appeared to be well attached to the 
culture substrate, and these cells extended neurites (Fig. 10 
B). Few E12 cells attached to the laminin substrate, ven af- 
ter 24 h of culture. A trend toward more cell aggregation and 
less substrate interaction was also observed for cells plated 
on either fibronectin or collagen IV after 24 h of culture 
(data not shown). Aggregates of unattached E12 cells that had 
been in culture for 16 to 24 h were viable since they trans- 
ported MTT, indicating mitochondrial function (data not 
shown, Manthorpe t al., 1986). 
Quantitation of neurite outgrowth revealed a decrease on 
all of the substrates tested with increasing embryonic age 
(Fig. 8). Neurite outgrowth on fibronectin and collagen IV, 
while never comparable to that observed on laminin, de- 
creased to even lower levels with increasing embryonic age. 
This was also true of neurite outgrowth on CSAT antibody 
substrates (Fig. 8), which declined at approximately the 
same rate as the response to laminin. Neurite outgrowth on 
laminin-coated substrates remained concentration dependent 
through E9 (Fig. 9). In contrast to cell attachment, there was 
Figure 10. Phase photomicrographs of neural retinal cells from em- 
bryos of different age plated on laminin-coated substrates. Neural 
retinal cells from E6 (A), E8 (B), or El2 (C) were plated on sub- 
strates coated with 5 ~tg/ml laminin and photographed afte  24  
in culture. E6 neural retinal cells exhibit a well attached, polygonal 
morphology with many long neurites (A). Some E8 cells appear 
well attached and have neurites (B, arrow), while others are in large 
cell aggregates that are primarily out of the plane of focus (B, star). 
El2 neural retinal cells areprimarily unattached, in large cell ag- 
gregates (C, arrow) with a few attached cells, but no neurites. Bar, 
20 ~tm. 
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Figure 11. Reducing SDS 
PAGE analysis of proteins im- 
munoprecipitated with CSAT 
antibody from chick embryo 
fibroblasts and embryonic 
neural retinal cells. (Right) A 
fluomgraph of a 7.5% SDS 
PAGE run under reducing 
conditions. Lanes marked C 
were loaded with CSAT im- 
munoprecipitates from chick 
embryo fibmblasts (CEF) and 
embryonic neural retinal cells 
from different days of devel- 
opment; E6, E8, and Ell. M 
lanes show nonimmune mouse 
IgG control immunoprecipi- 
tams. (Le~) Densitometry of
the autoradiograph. 
no clear shift in the amount of laminin required to induce a 
half maximal neurite outgrowth response. 
Characterization fSurface Proteins 
on Neural Retinal Cells That Are Precipitated 
by CSAT Antibodies 
Alterations in the composition or activity of molecules rec- 
ognized by the CSAT antibody may be related to the observed 
changes in neuronal response to extracellular matrix pro- 
teins. To investigate this possibility, we examined the pro- 
teins bound by CSAT antibodies on retinal cells of different 
ages. Dissociated neural retinal cells were obtained from em- 
bryos of different ages, preplated to remove nonneuronal 
cells, and metabolically abeled. Chick embryo fibroblasts 
were used for comparison to previously described proteins 
precipitated by CSAT and JG22 antibodies (Horwitz et al., 
1984; Hasegawa et al., 1985; Knudsen et al., 1985). 
We found several small but reproducible differences be- 
tween retinal cells from different aged embryos. As in previ- 
ous reports (Horwitz et al., 1985; Hasegawa et al., 1985; 
Knudsen et al., 1985), surface proteins precipitated by CSAT 
antibodies from chick embryo fibroblasts consisted of two 
major bands, of Mr 160,000 and Mr 130000-135,000, when 
fractionated under reducing conditions (Fig. 11). Proteins 
obtained by immunoprecipitation from embryonic neural 
retinal cells exhibited two major bands and one or more mi- 
nor bands. The higher molecular mass retinal band was less 
diffuse than the fibroblast protein of similar molecular mass, 
and migrated in a slightly different position (Fig. 11). The 
lower molecular mass retinal protein band was diffuse, but 
unlike that obtained from chick embryo fibroblasts, resolved 
into several components as shown by the densitometric 
scans. E6 retinal cells had a distinct band of Mr 115,000, 
verifed by densitometry, that w s not present in fibroblast 
samples and was less prominent in both the E8 or Ell retinal 
samples (Fig. 11). 
Developmental differences in the retinal CSAT-precipi- 
table proteins were more obvious upon nonreducing SDS 
PAGE, where the fibroblast CSAT glycoproteins were sepa- 
rated into four distinct components of Mr 145,000, 135,000, 
125,000, and 110,000. Again, the bands present in the retinal 
samples were similar, but not identical to those of fibroblasts 
(Fig. 12). A band of Mr 145,000 was present both in chick 
embryo fibroblast and in retinal immunoprecipitates of each 
age. A middle band, of Mr 135,000, was present in all four 
samples, but migrated as a doublet in the fibroblast and Ell 
retinal samples (Fig. 12). Densitometry confirmed thatthis 
band migrated as a doublet. While a diffuse protein band of 
Mr 120,000 was also present in all four samples, E6 retinal 
cells had an additional band of Mr 110,000 that was less 
prominent in the other samples and could be seen as a shoul- 
der on the densitometric s an. The nature of the relationship 
between these developmentally regulated structural differ- 
ences and variation in response to extracellular matrix mole- 
cules clearly warrants further investigation. 
Discussion 
Neural Retinal Cells Respond Differently 
to Three Matrix Glycoproteins 
The use of separate quantitative assays for cell attachment 
and neurite outgrowth as shown that neural retinal cells re- 
spond specifically but differently to collagen IV, laminin, 
and fibronectin. Attachment to all three substrates was con- 
centration dependent (Fig. 1). Laminin and collagen IV were 
both effective substrates for cell attachment. Maximal attach- 
ment was seen with "07 ng of laminin and "012 ng of collagen 
IV to an area of '0,00.28 cm 2 (bottom of well). Both of these 
were more effective substrates than fibronectin. Even when 
'0,090 ng of adsorbed fibronectin was tested, only ,070% of the 
plated cells attached. Thus, retinal cells have a relatively low 
affinity for fibronectin, which corroborates previous work 
(Rogers et al., 1983). Similar results were obtained with se- 
rum fibronectin, suggesting that fibronectin, and not con- 
taminants inthe cellular fibronectin preparation, was respon- 
sible for cell attachment (data not shown). Others have 
demonstrated the specific interaction of neurons with fibro- 
nectin, in concentrations similar to those reported here. 
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Figure 12. Nonreducing SDS 
PAGE analysis of proteins im- 
munoprecipitated with CSAT 
antibody from chick embryo 
fibroblasts and embryonic neu- 
ral retinal cells. (Right) Fluo- 
rograph of a 7.5 % SDS PAGE 
run under nonreducing condi- 
tions. Lanes marked C were 
loaded with CSAT immuno- 
precipitates from chick em- 
bryo fibroblasts (CEF) and 
embryonic neural retinal cells 
from E6, E8, and Ell. Nonim- 
mune mouse IgG precipitates 
are shown in adjacent lanes 
(M) for comparison. (Left) 
Densitometry of the autora- 
diograph. The chick embryo 
fibroblast (CEF) sample and 
neural retinal cell samples of 
different ages (E6, E8, or Ell) 
are indicated. 
These interactions were inhibited by anti-fibronectin antise- 
rum (Akers et al., 1981; Rogers et al., 1983). 
Stimulation of neurite outgrowth by laminin was also dis- 
tinctive in several ways. First, a high proportion of cells, 
70 %, initiated neurites on laminin substrates, compared with 
<40% on either fibronectin or collagen IV. Second, the 
morphology of neurites on laminin substrates was unique 
among the substrates tested. Neurites on laminin were long, 
branched, and usually not fasciculated. In contrast, the neu- 
rites observed on either fibronectin or collagen IV were fre- 
quently short, straight, and fasciculated. A differential re- 
sponse to laminin and fibronectin substrates has previously 
been reported for retinal and spinal cord neurons. Peripheral 
neurons, in contrast, respond well to both fibronectin and 
laminin (Rogers et al., 1983). 
Differences in the substrate requirements for cell attach- 
ment and neurite outgrowth suggest that while adherence to 
a substrate is a prerequisite for neurite outgrowth, it is not 
sufficient. Neurons need an appropriately adhesive substrate 
for neurite initiation and elongation (Letourneau, 1975, 1982). 
However, the present study and other recent work using 
defined substrates indicate that adhesivity may not be as 
tightly coupled to neurite outgrowth as previously thought 
(see Adler et al., 1985). In our experiments, <10% of the 
cells plated on poly-o-lysine, a very adhesive substrate, had 
neurites when examined after 16 to 24 h in culture. Collagen 
IV, also a very effective substrate for neural retinal cell at- 
tachment, supported only modest neurite outgrowth. In con- 
trast, fibronectin, which was notably less effective than colla- 
gen IV for cell attachment, proved to be a somewhat better 
substrate for neurite outgrowth. Only laminin, among the ex- 
tracellular matrix glycoproteins tested, promoted both effi- 
cient cell attachment and vigorous neurite outgrowth. Thus, 
while neural retinal cells are able to attach to a variety of sub- 
strates, different substrates have distinct consequences on 
neuronal differentiation. 
The Role of Molecules Recognized by the 
CSAT and JG22 Antibodies in Mediating Neural 
Retinal Response to Matrix Molecules 
The CSAT and JG22 monoclonal antibodies have been pre- 
viously shown to disrupt cell interactions with many ex- 
tracellular matrix macromolecules, including fibronectin 
and laminin (Greve and Gottlieb, 1982; Neffet al., 1982; Ak- 
iyama et al., 1986; Horwitz et al., 1985). Interactions of dor- 
sal root ganglion neurons with laminin, fibronectin, and col- 
lagen I substrates are perturbed by the CSAT antibody 
(Bozyczko and Horwitz, 1986). In our experiments, low lev- 
els of CSAT antibodies (1-10 ~tg/ml) were shown to inhibit 
neural retinal cell attachment to laminin, fibronectin, and 
collagen IV but not to poly-D-lysine or concanavalin A. The 
lack of effect on attachment to poly-D-lysine indicates that 
these antibodies act to inhibit specific interactions with ex- 
tracellular matrix proteins, and not in a general way to im- 
pede cell attachment. Furthermore, CSAT and JG22 anti- 
bodies do not inhibit neuron attachment to monolayers of 
nonneuronal cells (Cohen et al., 1986; Tomaselli et al., 
1986) or to mixed substrates oflaminin and anti-N-CAM an- 
tibodies (Tomaselli et al., 1986). The inhibition by CSAT an- 
tibodies of neural retinal cell interaction with collagen IV 
substrates extends the range of cell-substrate interactions 
perturbed by these antibodies. 
Neural retinal cells maintained overnight in the presence 
of CSAT antibody were unable to initiate neurites. Since 
these cells were not attached to the substrate, the experiments 
do not address whether CSAT antibody interfered irectly 
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with neurite initiation and extension. Two types of evidence 
suggest hat molecules recognized by the CSAT antibody 
have a direct role in neurite extension and adhesion of the 
neurite and growth cone. Neurons cultured on CSAT anti- 
body substrates grew neurites, suggesting that at least under 
these artificial conditions, cell surface molecules recognized 
by the CSAT antibody acted to anchor not only the cell body 
but also the growth cone. In addition, ciliary neurons cul- 
tured in the presence of CSAT antibody on mixed substrates 
of either laminin and anti-N-CAM IgG or laminin and poly- 
D-lysine were found to attach, but not to initiate neurites 
(Tomaselli et al., 1986). Therefore, under conditions where 
the cells were attached, CSAT antibody still inhibited neurite 
extension. The presence of CSAT immunostaining on neu- 
rites and growth cones as well as on cell bodies (Bozyczko 
and Horwitz, 1986) and the ability of CSAT antibody to de- 
tach existing neurites from laminin substrates (Bozyczko and 
Horwitz, 1986) are also consistent with a direct role of 
molecules recognized by CSAT in neurite extension. 
Substrate-attached CSAT antibodies mimicked, to a de- 
gree, the effects of laminin on neural retinal cells (Fig. 4). 
Neural retinal cells attached to plates coated with anti-N- 
CAM or CSAT antibody but not to those coated with control 
antibodies. However, CSAT and JG22, but not anti-N-CAM 
antibodies, promoted vigorous neurite outgrowth when used 
as substrates (Fig. 4). These results are similar, in some 
respects, to effects on neural crest cell and fibroblast adhe- 
sion to JG22-coated substrates (Duband et al., 1986; Chen 
et al., 1985b). Substrate-adsorbed JG22 antibodies promoted 
attachment and spreading of both cell types (Chen et al., 
1985b). Although neural crest cells normally migrate on 
fibronectin, they failed to migrate on JG22 antibody sub- 
strates, indicating that the antibodies did not completely 
mimic the effects of fibronectin (Duband et al., 1986). In our 
experiments, laminin was a more effective substrate for neu- 
rite extension than the CSAT antibody. 
Retinal Cell Response to Matrix Molecules Is 
Developmentally Regulated 
Results in this paper show that neuronal responsiveness to 
matrix macromolecules changes with age. Collagen IV was 
an effective substrate for cell attachment throughout the 
embryonic period examined, E6 through El2. Substrate-ad- 
sorbed CSAT antibody remained able to promote cell attach- 
ment by E12 neural retinal cells, demonstrating the persist- 
ence of surface molecules recognized by the CSAT antibody. 
The continued presence of molecules recognized by the 
CSAT antibody on El2 cells was confirmed by immunopre- 
cipitation, discussed below. In contrast, neuronal respon- 
siveness to laminin and fibronectin declines with age. At- 
tachment to fibronectin, already comparatively low on E6, 
declines over the next 3 d and is absent by E9. Attachment 
to laminin remains high between E6 and E9, but declines by 
Ell. Examination of dose-response curves shows that cells 
become progressively less responsive tolaminin between E6 
and E9 and that most become completely unresponsive by 
Ell. Whether specific subpopulations of cells interact differ- 
ently with individual substrates i unknown. This does not 
seem to be the case for E6 retinal ceils, since a high propor- 
tion of the cells plated attached to the different substrates 
tested. However, changes in cell-substrate interactions seen 
at later times, may reflect, in part, changes in the composi- 
tion of the neural retinal cell population. 
The ability of neural retinal cells to initiate neurites on ex- 
tracellular matrix protein substrates also varied markedly 
with the age of the neurons. Laminin, CSAT antibody, and, 
to a lesser extent, fibronectin and collagen were all effective 
substrates for neurite initiation by E6 neurons. Neurite out- 
growth on fibronectin was decreased by E8. The ability to ex- 
tend neurites persisted longer for cells plated on either lami- 
nin or CSAT antibody but was absent by El2. Since Ell 
neural retinal cells are able to extend neurites when cultured 
on monolayers of astrocytes, the lack of neurite xtension on 
matrix substrates does not reflect a loss of the ability to ex- 
tend neurites (Cohen et al., 1986; Tomaselli, K., unpub- 
lished results). Developmental changes in the responsiveness 
of ciliary ganglion neurons to substrates coated with heart 
cell-conditioned medium have also been shown (Collins and 
Lee, 1982). More recently, ciliary neurons have been shown 
to initiate neurites on monolayers of nonneuronal cells at a 
time when the cells did not respond to laminin-coated sub- 
strates (Tomaselli, K., unpublished results). Since the stimu- 
lation of neurite outgrowth by nonneuronal cells is not in- 
hibited by the CSAT and JG22 antibodies (Cohen et al., 
1986; Tomaselli et al., 1986), these interactions must be 
mediated by cell surface molecules other than those recog- 
nized by these antibodies. 
The continued presence of molecules recognized by the 
CSAT antibody, demonstrated byattachment to CSAT anti- 
body substrates and by immunoprecipitation, indicates that 
lack of cell attachment to laminin and fibronectin, and ab- 
sence of neurite outgrowth by El2 cells cannot be attributed 
to the loss of such molecules from the cell surface. The pro- 
teins recognized by CSAT antibody on retinal neurons ap- 
pear similar, but not identical, to those on fibroblasts (Figs. 
11 and 12). There were, however, discernible differences in
the pattern of proteins precipitated by the CSAT antibody 
from E6, E8, and Ell retinal cells. Two differences inthe pat- 
tern of proteins from cells of different ages were seen consis- 
tently. The E6 sample had an additional component of Mr 
110,000-115,000 that was not present in either fibroblasts or 
in the other retinal samples. On nonreducing gels, the 135- 
kD component migrated as a single band in the E6 and E8 
retinal samples, but as a doublet in the Ell retinal and fibro- 
blast samples. In contrast, he affinity purified antigen from 
sensory neurons may lack the high molecular mass band 
seen on nonreducing els (Bozyczko and Horwitz, 1986). 
The significance of these differences i not known. Several 
lines of evidence from our and other laboratories suggest the 
possibility that molecules recognized by the CSAT antibody 
may belong to a family of receptors, of closely related struc- 
ture, but with distinct ligand specificities (Leptin, 1986; 
Horwitz et al., 1985; Pytela et al., 1985; Ruoslahti and 
Pierschbacher, 1986; Pytela et al., 1986). One possibility is 
that retinal cells of different ages have structurally related but 
distinct cell surface molecules, all recognized by the CSAT 
antibody, that mediate interaction with different matrix gly- 
coproteins. 
Whether the loss of neuronal responsiveness to laminin 
and fibronectin reflects the loss of a specific external receptor 
or of an intracellular coupling event is unknown. It is clear 
from our data that molecules recognized by the CSAT anti- 
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body are present on Ell retinal cells, that these cells retain 
the ability to attach to collagen IV, and that cell interaction 
with collagen IV is disrupted by the CSAT antibody. How- 
ever, whether the subtle differences we observed in the pat- 
tern of proteins immunoprecipitated with the CSAT antibody 
from E6 and the Ell cells are sufficient o explain the differ- 
ent ligand specificities of the cells at these two developmental 
times is unclear. 
Possible Roles for the ExtraceUular Matrix in 
Regulating Retinal Neuron Development 
In many developing systems, neuronal growth cones have 
been found in contact with basal laminae, which may be ex- 
pected to contain collagen IV and laminin (Raper et al., 
1983; Taylor and Roberts, 1983; Easter et al., 1984; Rogers 
et al., 1986; McLoon, 1984). In the retina, axonal growth 
cones have extensive contact with the inner limiting mem- 
brane and other recently formed axons, suggesting that both 
axon surface and extracellular matrix constituents may be 
important in directing growth cone behavior (Easter et al., 
1984). Evidence suggests that molecules in the basement 
membrane stimulate axon initiation and provide directional 
cues to elongating axons (Halfter and Deiss, 1984; 1986). 
Our experiments uggest hat the interactions with laminin 
and other basement membrane glycoproteins involve neu- 
ronal cell surface molecules recognized by the CSAT and 
JG22 antibodies. 
Changes in the responsiveness of neural retinal cells to ex- 
tracellular matrix constituents observed in vitro may be 
related to the in vivo development of retinal ganglion cells. 
In the chick, retinal ganglion cells are generated between 
E2.5 and E7 (Kahn, 1973). Because ganglion cell birth rate 
is exponential, many more cells become postmitotic (Kahn, 
1973) and initiate axons toward the end of this period (Gold- 
berg and Coulombre, 1972; Halfter et al., 1983). The growth 
of the first axons to appear is likely to involve the basement 
membrane, since no other axons are initially present (Halfter 
et al., 1985). Axon elongation within the eye, occurring for 
the greatest number of axons around days 6 and 7, is also 
likely to involve interactions with basement membrane (Half- 
ter and Deiss, 1984), while elongation within the optic nerve 
and optic tectum may primarily involve interactions with cell 
surfaces (Thanos and Bonhoeffer, 1983). In this regard, it is 
particularly interesting that Ell retinal ganglion cells, the 
majority of which would have axons that had reached the op- 
tic tectum, retain the ability to extend axons on astrocyte sur- 
faces but not on extracellular matrix molecules (Cohen et 
al., 1986). The growth of neurites on monolayers of astro- 
cytes, Schwann cells, and skeletal myotubes is not inhib- 
ited by the CSAT antibody (Tomaselli et al., 1986). Thus, 
neurons have multiple receptors that can promote neurite 
outgrowth on different substrates. Our observations are con- 
sistent with the possibility that these receptors are develop- 
mentally regulated to ensure that axon growth is appropri- 
ately guided at different stages. 
The authors would like to acknowledge the generous contributions of 
antibody-producing hybridomas from Dr. A. E Horwitz and Dr. D. I. Gott- 
lieb and anti-N-CAM IgG from Dr. J. L. Bixby, We thank Dr. S. McLoon 
for making us aware of unpublished data, Ruth Simcox and Barbara Terry 
for typing the manuscript, and Dr. J. L. Bixby, K. Tomaselli and Dr. 
C. Damsky for critical reading of the manuscript. 
This work was supported by a National Institutes of Health grant (NS- 
19090) and by the Howard Hughes Medical Institute. Dr. Hall was supported 
by a Postdoctoral Fellowship from the Muscular Dystrophy Association and 
K. M. Neugebauer was supported by a National Science Foundation 
Predoctoral Fellowship. 
Received for publication 12 September 1986, and in revised form 13 Novem- 
ber 1986. 
References 
Adler, R., J. Jerdan, and A. T. Hewitt. 1985. Responses of cultured neural 
retinal cells to substratum-bound laminin and other extracellular matrix mole- 
cules. Dev. Biol. 112:100-114. 
Adler, R., M. Manthorpe, S. Skaper, and S. Varon. 1981. Polyornithine- 
attached neurite-promoting factors (PNPFs): culture sources and responsive 
neurons. Brain Res. 206:129-144. 
Akers, R. M., D. F. Mosher, and J. E. Lilien. 1981. Promotion of retinal 
neurite outgrowth by substratum-bound fibronectin. Dev. Biol. 86:179-188. 
Akiyama, S. K., S. S. Yamada, and K. M. Yamada. 1986. Characterization 
of a 140-kD avian cell surface antigen as a fibronectin-binding molecule. J Cell 
Biol. 102:442--448. 
Argraves, W. S., R. Pytela, S. Suzuki, J. L. Millan, M. D. Pierschbacher, 
and E. Ruoslahti. 1986. cDNA sequences from the subunit of the fibronectin 
receptor predict a transmembrane domain and a short cytoplasmic peptide. J  
Biol. Chem. 261:12922-12924. 
Baron yon Evercooren, A., H. K. Kleinman, S. Ohno, P. Marangos, J. P. 
Schwartz, and M. E. Dubois-Dalcq. 1982. Nerve growth factor, laminin and 
fibronectin promote neurite outgrowth in human fetal sensory ganglia cultures. 
J. Neurosci. Res. 8:179-193. 
Bixby, J. L., and L. F. Reichardt. 1987. Effects of antibodies to N-CAM 
on the differentiation fneuromuscular contacts between ciliary ganglion eu- 
rons and myotubes in vitro. Dev. BioL In press. 
Bottenstein, J. E., S. D. Skaper, S. Varon, and J. Sato. 1980. Selective sur- 
vival of neurons from chick embryo sensory ganglionic dissociates by use of 
a defined, serum-free medium. Exp. Cell Res. 125:183-190. 
Bozyczko, D., and A. F. Horwitz. 1986. The participation of a putative cell 
surface receptor for laminin and fibronectin i  peripheral neurite xtension. J.
Neurosci. 6:1241-1251. 
Carbonetto, S., M. M. Gruver, and D. C. Turner. 1983. Nerve fiber growth 
in culture on fibronectin, collagen and glycosaminoglycan substrates. J. Neu- 
rosci. 3:2324-2335. 
Chapman, A. E. 1984. Characterization f a 140 kD cell surface glycopro- 
tein involved in myoblast adhesion. J Cell. Biochem. 25:109-121. 
Chert, W.-T., J. M. Greve, D. I. Gottlieb, and S. I. Singer. 1985a. Im- 
munocytochemical localization of 140 KD cell adhesion molecules in cultured 
chicken fibroblasts, and in chicken smooth muscle and intestinal epithelial tis- 
sues. J. Histochem. Cytochem. 33:576-586. 
Chen, W.-T., E. Hasegawa, T. Hasegawa, C. Weinstock, and K. M. 
Yamada. 1985b. Development of cell surface linkage complexes in cultured 
fibroblasts. J. Cell Biol. 100:1103-1114. 
Chou-Rong Zhu, B., S. F. Fisher, H. Pande, J. Calaycay, J. E. Shively, and 
R. A. Laine. 1984. Human placental (fetal) fibronectin: increased glycosylation 
and higher protease resistance than plasma fibroneetin. J BioL Chem. 259: 
3962-3970. 
Cohen, J., J. F. Burue, J. Winter, and P. Bartlett. 1986. Retinal ganglion 
cells lose response to laminin with maturation. Nature (Lond.). 322:465--467. 
Collins, F. 1978. Induction of neurite outgrowth by a conditioned-medium 
factor bound to the culture substratum. Proc. Natl. Acad. Sci. USA. 75:5210- 
5213. 
Collins, F., and M. R. Lee. 1982. A reversible developmental change in the 
ability of ciliary ganglion neurons to extend neurites in culture. J. Neurosci. 
2:424-430. 
Coughlin, M. D., E. M. Bloom, and I. B. Black. 1981. Characterization f 
a neuronal growth factor from mouse heart-cell-conditioned medium. Dev. 
Biol. 82:56-68. 
Damsky, C. H., K. A. Knudsen, D. Bradley, C. A. Buck, and A. F. Hor- 
witz. 1985. Distribution of the cell substratum attachment antigen on myogenic 
and fibroblastic ells in culture. J. Cell Biol. 100:1528-1539. 
Davis, G. E., M. Manthorpe, and S. Varon. 1985. Isolation and character- 
ization of rat schwannoma neurite-promoting factor: evidence that the factor 
contains laminin. J. Neurosci. 5:2662-2671. 
Decker, C., K. Greggs, J. Duggan, J. Stubbs, and A. Horwitz. 1984. Adhe- 
sive multiplicity in the interaction of embryonic fibroblasts and myoblasts with 
extracellular matrices. J Cell BioL 99:1398-1404. 
Duband, J.-L., S. Rocher, W.-T. Chen, K. M. Yamada, and J. P. Thiery. 
1986. Cell adhesion and migration in the early vertebrate embryo: location and 
possible role of the putative fibronectin receptor complex. J. Cell Biol. 102: 
160-178. 
Easter, S. S., B. Bratton, and S. S. Scherer. 1984. Growth-related order of 
the retinal fiber layer in goldfish. J. Neurosci. 4:2173-2190. 
Faivre-Bauman, A., J. Puymirat, C. Loudes, A. Barret, and A. Tixier- 
Hall et al. Embryonic Retinal Cell Response to Extracellular Matrix Proteins 633 
Vidal. 1984. Laminin promotes attachment and neurite elongation of fetal 
hypothalmic neurons grown in serum-free medium. Neurosci. Len. 44:83-89. 
Fraker, P. J., and J. C. Speck. 1978. Protein and cell membrane iodinations 
with a sparingly soluble chloroamide, 1,3,4,6 tetrachloro-3a, 6a-diphenylgly- 
coluril. Biochem. Biophys. Res. Commun. 80:849-857. 
Goldberg, S., and A. J. Coulombre. 1972. Topographical development of
the nerve fiber layer in the chick retina. A whole mount study. J. Comp. Neurol. 
146:507-517. 
Greve, J. M., and D. I. Gottlieb. 1982. Monoclonal antibodies which alter 
the morphology of cultured chick myogenic ells. J. Cell. Biochem. 18:221- 
230. 
Halfter, W., D. F. Newgreen, F. Santer, and U. Schwartz. 1983. Oriented 
axon outgrowth from avian embryonic retina in culture. Dev. Biol. 95:56-64. 
Hairier, W., and S. Deiss. 1984. Axon growth in embryonic chick and quail 
retinal whole mounts in vitro. Dev. Biol. 102:344-355. 
Hairier, W., S. Deiss, and U. Schwartz. 1985. The formation of the axonal 
pattern in the embryonic avian retina. J. Comp. Neurol. 232:466-480. 
Hairier, W., and S. Deiss. 1986. Axonal pathfinding in organ cultured em- 
bryonic avian retinae. Dev. Biol. 114:296-310. 
Hasegawa, T., E. Hasegawa, W.-T. Chen, and K. M. Yamada. 1985. Char- 
acterization of a membrane-associated complex implicated in cell adhesion to 
fbronectin. J, Cell. Biochem. 28:307-318. 
Horwitz, A., K. Duggan, C. Buck, M. C. Beckerle, and K. Burridge. 1986. 
Interaction of plasma membrane fibronectin receptor with talin, a transmem- 
brane linkage. Nature (Lond.). 320:531-533. 
Horwitz, A., K. Duggan, R. Greggs, C. Decker, and C. Buck. 1985. The 
Cell Substrate Attachment (CSAT) antigen has properties of a receptor for lami- 
nin and fibronectin. J Cell Biol. 101:2134-2144. 
Horwitz, A. F., K. A. Knudsen, C. H. Damsky, C. Decker, C. A. Buck, 
and N. Neff. 1984. Adhesion-related integral membrane glycoprotein dentified 
by monocional antibodies. In Monoclonal Antibodies and Functional Cell 
Lines. R. Kermett, K. Beditor, and T. McKearn, editors. Plenum Publishing 
Corp., New York. 103-118. 
Kahn, A. J. 1973. Ganglion cell formation in the chick neural retina. Brain 
Res. 63:285-290. 
Koda, T. E., A. Rapraeger, and M. Bernfield. 1986. Heparan sulfate pro- 
teoglycans from mouse mammary epithelial cells. J. Biol. Chem. 260:8157- 
8162. 
Knudsen, K. S., A. F. Horwitz, and C. A. Buck. 1985. A monoclonal nti- 
body identifies a glycoprotein complex involved in cell substratum adhesion. 
Exp. Cell. Res. 157:218-226. 
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature (Lond.). 227:680-684. 
Lander, A. D., D. K. Fujii, D. Gospodarowicz, and L. F. Reichardt. 1982. 
Characterization f a factor that promotes neurite outgrowth: evidence linking 
activity to a heparan sulfate proteoglycan, J. Cell Biol. 94:574-585. 
Lander, A. D., K. Tomaselli, A. L. Calof, and L. F. Reichardt. 1983. 
Studies on extracellular matrix components hat promote neurite outgrowth. 
Cold Spring Harbor Syrup. Quant. Biol. 48:611-623. 
Lander, A. D., D. K. Fujii, and L. F. Reichardt. 1985. Purification of a fac- 
tor that promotes neurite outgrowth: isolation of laminin and associated 
molecules. J Cell Biol. 101:898-913. 
Leptin, M. 1986. The fbronectin receptor family. Nature (Lond.). 321:728. 
Letouroeau, P. C. 1975. Cell-to-substratum adhesion and guidance of axonal 
elongation. Dev. Biol. 44:92-101. 
Letouroean, P. C. 1982. Nerve fiber growth and its regulation by extrinsic 
factors. In Neuronal Development. N. C. Spitzer, editor. Plenum Publishing 
Corp., New York. 213-254. 
MacLeish, P. R., C. J. Barnstable, and E. Townes-Anderson. 1983. Use of 
a monoclonal ntibody as a substrate for mature neurons in vitro. Proc. Natl. 
Acad. Sci. USA. 80:7014-7018. 
Manthorpe, M., E. Engvall, E. Ruoslahti, F. M. Longo, G. Davis, and 
S. Varon. 1983. Laminin promotes neuritic regeneration from cultured periph- 
eral and central neurons. J. Cell Biol. 97:1882-1890. 
Manthorpe, M., R. Fagnani, S. Skaper, and S. Varon. 1986. An automated 
colorimetric microassay for neuronotrophic factors. Brain Res. 390:191-198. 
MeLoon, S. C. 1984. Distribution of laminin in the developing visual system 
of the chick. Soc. Neurosci. Abstr. 10:466. 
Neff, N. T., C. Lowrey, C. Decker, A. Tovar, C. Damsky, C. Buck, and 
A. F. Horwitz. 1982. A monoclonal ntibody detaches embryonic skeletal mus- 
cles from extracellular matrices. J Cell Biol. 95:654-666. 
Pytela, R., M. D. Piersehbacher, and E. Ruoslahti. 1985. Identifcation and 
isolation of a 140 Kd cell surface glycoprotein with properties expected of a 
fibronectin receptor. Cell. 40:191-198. 
Pytela, R., M, D.'Pierschhacher, M. H. Ginsberg, E. F. Plow, and E. Ruos- 
lahti. 1986. Platelet membrane glyeoprotein Hb/HIa: member of a family of 
Arg-Gly-Asp-specific adhesion receptors. Science (Wash. DC). 231:!559- 
1562. 
Rager, G. 1980. Development ofthe retinotectal projection in the chicken. 
Adv. Anat. Embryol. Cell Biol. 63:1-92. 
Raper, J. A., M. J. Bastiani, and C. S. Goodman. 1983. Pathfinding by neu- 
ronal growth cones in grasshopper mbryos: I. Divergent choices made by 
growth cones of sibling neurons. J Neurosci. 3:20-30. 
Rein, A., and H. Rudin. 1968. Effects of local cell concentration upon the 
growth of chick embryo cells in tissue culture. Exp. Cell Res. 49:666-678. 
Rogers, S. L., K. J. Edson, P. C. Leutourneau, and S. C. McLoon. 1986. 
Distribution of laminin in the developing peripheral nervous system of the 
chick. Dev. Biol. 113:429-435. 
Rogers, S. L., P. C. Letournean, S.L. Palm, J. McCarthy, and L. T. Furcht. 
1983. Neurite extension by peripheral and central nervous ystem neurons in 
response to substratum bound fibronectin and laminin. J. Cell Biol. 98:212- 
220. 
Ruoslahti, E., and M. D. Piersehbacher. 1986. Arg-Gly-Asp: a versatile cell 
recognition signal. Cell. 44:517-518. 
Smalheiser, N. R., S. M. Craln, and L. M. Reid. 1984. Laminin as a sub- 
strate for retinal axons in vitro. Dev. Brain Res. 12:136-140. 
Tarnkun, J. W., D. W. DeSimone, D. Fonda, R. S. Patel, C. Buck, A. F. 
Horwitz, and R. O. Hynes. 1986. Structure of integrin, a glycoprotein volved 
in the transmembrane linkage between fibronectin and actin. Cell. 46:271-282. 
Taylor, J. S. H., and A. Roberts. 1983. The early development of the pri- 
mary sensory neurons in an amphibian embryo: ascanning electron microscope 
study. J. Embryol. Exp. Morphol. 75:49-66. 
Thanos, S., and F. Bonhoeffer. 1983. Investigations on the development and 
topographic order of retinotectal xons: anterograde and retrograde staining of 
axons and perikarya with rhodamine in vivo. J. Comp. Neurol. 219:420-430. 
Timpi, R., H. Rohde, P. G. Robey, S. I. Rennard, J.-M. Foidart, and G. 
Martin. 1979. Laminin-a glycoprotein from basement membranes. J. Biol. 
Chem. 254:9933-9937. 
Tomaselli, K. J., L. F. Reichardt, andJ. L. Bixby. 1986. Distinct molecular 
interactions mediate neuronal process outgrowth on non-neuronal cell surfaces 
and extracellular matrices. J Cell Biol. 103:2659-2672. 
Unsicker, K., S. D. Skaper, and S. Varon. 1985. Developmental changes 
in the response of rat chromattin cells to neuronotrophic and neurite-promoting 
factors. Dev. Biol. 111:425-433. 
Vlodavsky, I., A. Levy, I. Lax, Z. Fuks, and J. Schlessinger. 1982. Induc- 
tion of cell attachment and morphological differentiation i a pheochromocy- 
toma cell line and embryonal sensory cells by the extracellular matrix. Dev. 
Biol. 93:285-300. 
The Journal of Cell Biology, Volume 104, 1987 634 
